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Abstract 
Alligator lizards were exposed to broadband 
noise ranging in intensity from 106 to 132 dB SPL 
for two hours and permitted to recover from 19 to 
62 days. Hearing loss was assessed by comparing 
the auditory nerve component of the cochlear 
potential recorded at the end of the recovery 
period with that recorded before the noise 
exposure. The stereocilia in these ears were 
examined with a scanning electron microscope. 
These sensory hairs showed pathological changes 
similar to those described in mammalian cochleas 
with noise-induced damage. In decreasing order 
of severity the damage included completely 
missing auditory papillas, missing hair cells, 
missing hairs, hairs fallen over, and hairs that 
were only moderately splayed apart compared with 
their normal appearance. Long lasting hearing 
loss seems to be associated with all of these 
sensory hair pathologies. 
KEY WORDS: deafness, permanent threshold shift, 
sensory hairs, cochlea, ear, reptile. 
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Introduction 
It is well known that exposure to loud noise 
can cause pathological changes in the structure 
of sensory hairs (stereocilia) in permanently 
deafened mammalian cochleas (Lim and Dunn, 1979). 
It is still uncertain whether exposure to noise 
which causes only a temporary hearing loss can 
cause temporary changes in the structure of the 
sensory hairs which reverse along with the 
recovery of hearing. Several investigators 
(Hunter-Duvar, 1977; Dunn et al., 1979; Stopp, 
1982, 1983) have suggested that sensory hairs in 
the mammalian cochlea temporarily lose their 
rigidity ("flop over") during TTS. Others 
(Liberman and Biel, 1979; Liberman and Mulroy 
(1982) failed to find a correlation of sensory 
hair pathology with TTS. Tilney et al. (1982) 
described the absence of normal taper ("fat 
ankles") and the presence of angled free-standing 
hairs in alligator lizard. The actin filaments 
in the base of these hairs were depolymerized. 
Actin filaments in some of the long hairs were 
wavy in appearance indicating a loss of cross 
bridges between the filaments. Since these 
abnormalities were seen only shortly after noise 
exposure and not after a recovery period of 11 
days they implied that these changes might be 
reversible. Mulroy and Whaley (1984) examined 
the sensory hairs of free-standing hair cells of 
the alligator lizard during temporary threshold 
shift and saw neither floppy nor angled hairs nor 
hairs with "fat ankles". The only morphological 
change they observed was a subtle clumping of the 
long hairs of free-standing hair cells. It is 
difficult to evaluate the results in the lizard 
and compare them with those reported in the 
mammal because the sensory hair pathologies 
associated with permanent hearing loss in the 
lizard are not known. It is the purpose of this 
paper to describe those pathological changes. 
Materials and Methods 
The general plan of this experiment was as 
follows. An alligator lizard, Gerrhonotus 
multicarinatus, was anesthetized and a wire 
electrode placed on the otic capsule just 
anterior to the round window. The electrode was 
inserted through a small temporary incision made 
just posterior to the external auditory meatus. 
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Fig. 1. Prolonged reduction of the cochlear 
potential after exposure to noise. The averaged 
response of this ear to a standard test acoustic 
click was measured immediately before exposing 
the ear to broadband noise at a level of 106 dB 
SPL for two hours (solid line). After a recovery 
period of 31 days the response to the same test 
click was measured again (dashed line). The 
neural component of the cochlear potential 
associated with the activity of auditory nerve 
fibers was decreased to 69% of its original 
magnitude. See Materials and Methods for a 
description of the procedure used to measure the 
cochlear potential. 
The reference electrode was inserted in the 
muscle at the edge of the incision. The averaged 
response of the ear to a standard low level test 
click was measured to ensure that the ear was 
normal and to measure the amplitude of the 
auditory nerve component of the cochlear 
potential immediately before exposing the ear to 
broadband noise of various levels for two hours. 
The component of the response which I measured is 
indicated by NlPl in figures 1 and 2. The 
incision was closed and the lizard was permitted 
to recover for a period which varied from 19 to 
62 days. The middle ear was reopened and the 
response of the ear to the same test click was 
measured again. The lizard was then decapitated, 
the vestibule opened and fixative perfused into 
the inner ear. The cochlear duct was removed and 
immersed in fixative for 1 hour. During that 
period the vestibular membrane was removed. The 
ear was dehydrated through a graded series of 
ethanols, critical point dried in carbon dioxide, 
coated with gold palladium and examined with a 
scanning electron microscope. The technical 
details of stimulus generation, cochlear 
potential recording and preparation for scanning 
electron microscopy have been previously 
described (Mulroy and Whaley, 1984). 
The fixative used for ears 209L, 212L,214L 
and 226L consisted of 2.5% glutaraldehyde, 0.005% 
calcium chloride in 0.1 M phosphate buffer, pH 
7.2. Ears 231L and 232L were fixed in the same 
fixative except the molarity of the buffer was 
0.2 M. The fixative used for ears 175L and 184L 
consisted of 1.6% glutaraldehyde, 0.1% alcian 
blue in 0.075 M phosphate buffer, pH 5.7. Ear 
193L was fixed in the same fixative except that 
the osmolarity of the buffer was 0.1 M. Nine 
experimental lizards were used in this study. 
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Fig. 2. The neural component of the cochlear 
potential (NlPl) was not detectable 27 days after 
exposing the ear to broadband noise at a level of 
132 dB SPL for two hours. 
Results 
Noise-induced hearing loss was assessed by 
measuring the amplitude of the neural component 
(NlPl) of the cochlear potential before exposing 
the ears to broadband noise and again after a 
period of recovery. At the noise level used in 
these experiments the cochlear potential was flat 
in all exposed ears immediately after the noise 
exposure. Figure 1 shows an ear with partial 
hearing loss indicated by the fact that the NlPl 
component of the cochlear potential had recovered 
to only 69% of its prenoise exposure level. 
Figure 2 shows an ear in which there is no 
detectable recovery of the NlPl after a recovery 
period of 27 days. 
In order to appreciate the noise-induced damage 
to the basilar (auditory) papilla of the 
alligator lizard it will be useful to become 
familiar with the appearance of a normal ear 
which has not been damaged by exposure to intense 
noise. Figure 3 is a low magnification view of a 
normal papilla. There are two regions. In the 
tectorial region the relatively short sensory 
hairs (stereocilia) are covered by a tectorial 
membrane. In the free-standing region very tall 
sensory hairs are not covered by a tectorial 
membrane. The papilla shown in figure 3 is 
representative of the normal number, arrangement 
and appearance of the stereociliary tufts. 
The most ,severe type of morphological damage 
to the papilla is shown in figure 4 where the 
entire papilla is missing. This ear was exposed 
to two hours of broadband noise at the very 
intense level of 132 dB SPL. 
In the free-standing region long term noise 
related pathologies vary from missing hair cells 
at the most severe end of the spectrum to a 
splaying apart of the taller hairs in the tuft. 
Figure 5 shows an area of the free-standing 
region where several hair cells are missing. 
What appears to be a hair cell being extruded 
from the papilla into scala media is seen in this 
figure. I examined the extrusion at high 
magnification. It was not a piece of debris. It 
is about the size of a hair cell and it is 
extruding from a location where I would expect to 
find a hair cell based on their normal regular 
geometric arrangement within the papilla. 
Noise-Induced Damage in Lizard Ear 
Fig. 3. Normal basilar papilla (90L) which had 
not been exposed to loud noise. The apical and 
basal ends of the papilla are indicated by the 
arrowheads. A tectorial membrane (TM) covers the 
sensory hair tufts in the apical region. The 
hair cells in the basal region are not covered by 
the tectorial membrane and are referred to as 
free-standing. Cochlear nerve fibers pass from 
the papilla on the undersurface of the limbic 
bulge (LB) to the brain stem. Bar= 100 µm. 
Fig. 4. The entire papilla is missing in this 
ear (184L) which was exposed to broadband noise 
at a level of 132 dB SPL for two hours. After a 
recovery period of 27 days there was no 
detectable response to the test click (Fig. 2). 
The papilla was formerly located between the 
arrow heads. The limbic bulge (LB) can be seen 
at the top of the micrograph. Compare this 
figure with a similar view of a normal papilla in 
Figure 3. Bar= 100 µm. 
The tall uncovered free-standing region 
sensory hairs were more susceptible to 
morphological damage than the shorter tectorial 
region hairs which are covered with a tectorial 
membrane. Sensory hairs on the neural side of 
the free-standing region are more vulnerable than 
those on the abneural side. The papilla shown in 
Figure 6 is representative of this pattern. In 
this figure sensory hairs are present on all 
tectorial hair cells and are missing on 58% of 
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Fig. 5. Free-standing hair cells are missing in 
the area enclosed by the dashed line. A large 
structure (ExHC) appears to be a damaged hair 
cell being extruded into scala media. Intact 
sensory hair tufts are present along the abneural 
(lower) edge of the papilla. On the neural 
(upper) side adjacent to the area of missing hair 
cells the sensory hairs are either missing or 
grossly deformed. Bar = 10 µm. (212L) 
Fig. 6. Free-standing region sensory hairs are more 
susceptible to noise-induced damage than are 
tectorial hairs. The line labeled "T" indicates 
the tectorial region. The line labeled "F-S" 
indicates the free-standing region. Sensory 
hairs are missing from many hair cells along the 
neural side and basal end of the free-standing 
region. The tip of the downward pointing arrow 
indicates the top of a hair cell devoid of 
sensory hairs. The tip of the upward pointing 
arrow indicates an intact free-standing sensory 
hair tuft. The arrowhead indicates an intact 
tectorial hair tuft. Bar= 100 µm. 
(232L) 
the free-standing hair cells. This ear was 
exposed to 118 dB SPL of broadband noise for two 
hours. 
Normal sensory hairs in thelizard 1 s papilla 
are straight, erect and taper at their base where 
they attach to the cuticular surface of their 
hair cell (Fig. 7). The pathologies associated 
with the free-standing sensory hairs range from 
very severe to relatively minor changes in this 
normal morphology. It is difficult but necessary 
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to sort such a continuum into discrete types of 
pathologies in order to describe them and 
correlate them with functional hearing loss. The 
categories of sensory hair pathologies selected 
are: missing, fallen (completely over), angled 
(fallen partially over), curved, and splayed. 
Several of the more severe hair pathologies 
can be seen in figure 8. These include missing, 
fallen, and angled hairs. Abnormally curved 
hairs which do not taper at their base are seen 
in figure 9. Finally splaying apart of the 
hairs, which is the least severe of the 
noise-induced sensory hair pathologies, is seen 
in figures 10 and 11. I define the splayed 
condition as a greater separation than normal of 
the tips of the long hairs in the first row of 
the tuft. The splayed condition of the sensory 
hairs along the midline at the basal end of the 
free-standing region shown in Figure 11 (193L) is 
quite interesting because it was the main sensory 
hair pathology which I observed in this ear which 
had a 31% decrease in the NlPl at the time of 
fixation of the ear 19 days after the noise 
exposure (Fig.land Table 1). There was no 
loss of sensory hairs in this papilla. 
Our observations are summarized in the table 
below. It is clear that the percentage of hair 
cells with sensory hairs missing increased 
progressively as the level of the noise exposure 
increased. There is also a rough correlation 
between noise level, hearing loss, and missing 
sensory hairs. However, the correlation is not 
exact. For example, ear 193L, which was exposed 
to noise at 106 dB SPL, suffered a 31% hearing 
loss but no loss of sensory hairs. The sensory 
hairs on a significant percentage (17%) of its 
free-standing hair cells were splayed and some of 
the sensory hairs were curved. Another example 
of a lack of this close correlation is the five 
ears exposed to 118 dB of noise. The noise 
Fig. 7. Normal free-standing sensory hair tuft. 
The long hairs (H) in the first row of the tuft 
are straight and taper at their base (arrow). A 
single kinocilium (K) is present. Bar= 10 µm. 
exposure was the same, but their hearing loss and 
percentage of missing sensory hairs are quite 
different. Hearing loss varied from 58-100% 
while the percentage of missing sensory hairs 
only varied from 41-58%. 
TABLE 1 
NOISE-INDUCED DEAFNESS AND SENSORY HAIR PATHOLOGIES 
(Exposure to broadband noise for two hours) 
Ear Noise Recovery Hearing Sensory Hair Pathologies 
I.D. Level period Loss% 
No. dB days Decrease % missing fallen angled curved 
NlPl 
193L 106 19 31 0 y 
231L 112 28 8 12 y 
226L 118 30 58 41 y y 
212L 118 57 74 46 
214L 118 59 80 46 
232L 118 27 94 58 y y 
209L 118 62 100 56 y y 
175L 132 28 100 100 
184L 132 27 100 100 
"y" (yes) indicates that the sensory hair pathology is present in some of the 
free-standing hair cells. 
Notes: 1. Hairs were splayed on 17% of free-standing hair cells (Fig. 11). 
2. Hair cells missing. 
3. Hair cell being extruded into scala media. 
4. Tapers at bases of some hairs are absent ("fat ankles"). 













Noise-Induced Damage in Lizard Ear 
Fig. 8. Several noise-induced sensory hair 
pathologies are present in this figure. Normal 
sensory hair tufts are seen at the top. These 
are viewed from the short hair side. In the 
lower part of the micrograph the tops of several 
damaged hair cells are seen. Most of the sensory 
hairs are missing (M) Those that remain are not 
perpendicular to the cell surface (A , angled) or 
completely fallen over (F) small and atrophic. 
"K" indicates a kinocilium. Bar = 10 µm. (232L) 
Fig. 9. Abnormally curved sensory hairs (C). 
The base of the hair is not tapered (arrow) as in 
normal free-standing sensory hairs. Compare 
these sensory hairs with the hairs in Figure 7. 
"K" indicates a kinocilium. Bar= 10 µm. (214L) 
Discussion 
The types of noise-induced sensory hair 
pathologies observed in the lizard cochlea are 
similar to those reported in the mammalian 
cochlea by several investigators (see Lim and 
Dunn, 1979 for a review). In the cat, for 
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Fig. 10. A less severe sensory hair pathology 
is seen in the upper part of this figure. The 
longer hairs in the tufts are splayed apart. Bar 
= 10 µm. (214L) 
Fig. 11. The dashed line encloses an area along 
the midline of the basal end of the free-standing 
region where the longest hairs in the tuft are 
splayed apart. This is the dominant sensory hair 
pathology observed in this ear (193L) whose 
hearing loss is shown in Figure 1. Bar= 100 µm. 
example, the loss, fusion and splaying apart of 
sensory hairs are associated with permanent 
thresholds elevations (Liberman and Mulroy, 1982; 
Mulroy and Curley, 1982). The lizard cochlea has 
been a useful animal model for investigating the 
basic mechanisms of transduction and neural 
encoding in the vertebrate inner ear (Weiss, 
1984). The small size of the auditory papilla, 
its accessibility, and the presence of very large 
free-standing sensory hairs are special 
morphological features which make this ear useful 
in investigating the cellular mechanisms of 
transduction. The fact that the noise-induced 
sensory hair pathologies in the lizard are 
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similar to those in the mammal indicates a basic 
similarity between the two hair cell systems. 
The association of severe pathological 
changes in sensory hairs with permanent hearing 
loss is well documented. The association of less 
severe structural changes in the sensory hairs 
has not been extensively documented but several 
studies suggest that relatively minor permanent 
changes in the structure of the hairs are 
associated with permanent threshold shifts. A 
series of studies by Liberman and Biel (1979), 
Liberman and Mulroy (1982) and Mulroy and Curley 
(1982) presented evidence that the relatively 
minor splaying apart of the sensory hairs of 
inner hair cells in the cat's cochlea was related 
to elevations in the thresholds of the nerve 
fibers innervating those hair cells. Splaying of 
free-standing sensory hairs in the lizard ear 
also seems to be related to hearing loss (Fig.11 
and 193L in Table 1). 
It is not known for certain whether there 
are reversible morphological changes in sensory 
hairs during periods of temporary threshold 
shifts (TTS) • The relatively small amount of 
data available in the literature (see 
Introduction) is at worst contradictory and at 
best confusing. The data presented under Results 
indicate that sensory hair deformities like 
missing hairs, fallen hairs, angled hairs, hairs 
without a normally tapering base, and splayed 
hairs probably represent permanent or at least 
long lasting noise-induced structural changes in 
the lizard cochlea. I am not certain whether the 
hearing loss and structural changes resulting 
from the noise exposure have stabilized in all of 
the ears in this study. Recovery times vary from 
19 to 62 days (Table 1). A second study is 
currently in progress in which the recovery time 
after noise exposure will be approximately one 
year. I assume that after such a long recovery 
the noise-induced morphological changes and 
hearing loss will have reached a stable 
condition. Comparison of the results of that 
study with those reported here will help to 
distinguish with greater certainty permanent 
irreversible damage from slowly recovering 
temporary damage. 
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Discussion with Reviewers 
Y. Harada: You explained that a large structure 
(ExHc in Figure 5) is a hair cell being extruded. 
Is there a~y possibility that it is a protrusion 
of the cuticular free surface of a hair cell? 
Author: I agree that protrusion is a better term 
than extrusion. Extrusion implies that the hair 
cell is being removed from the papilla by being 
expelled into the scala media. I cannot be 
certain what would have been the fate of that 
cell if the ear had been allowed to recover for a 
longer period. I do not think that this 
protrusion is only from the cuticular plate free 
region of the apical hair cell membrane because 
the area of this region is small relative to that 
of the entire top of the hair cell. The diameter 
of the base of the protrusion is the same as the 
diameter of the top of the hair cell. 
Noise-Induced Damage in Lizard Ear 
Y. Harada: In my experience curved hairs of 
sensory cells are sometimes produced in the 
preparatory procedure. What do you think about 
the abnormally curved hairs which you demonstrate 
in your paper? 
Author: I attribute the "curved hairs" to the 
noise rather than to the methods of fixation for 
the following reasons. I did not see curved 
hairs in control ears which were not exposed to 
noise and preserved in the same fixatives. 
Furthermore, "curved hairs" were seen in 
noise-exposed ears fixed by three different 
methods. Ear No. 193L was fixed with 1.6% 
glutaraldehyde, 0.1% alcian 
blue in 0.1% phosphate buffer, pH 5.7. Ear No. 
209L was fixed with 2.5% glutaraldehyde, 0.005% 
calcium chloride in 0.1 M phosphate buffer, pH 
7.2. Ear 232L was fixed in the same fixative as 
ear 209L except that the buffer was 0.2 M. None 
of the ears were fixed with osmium tetroxide 
which could alter the structure of the hairs due 
to depolymerization of actin filaments 
(Maupin-Szamier P, Pollard TO (1978): Act in 
filament destruction by osmium tetroxide. J. 
Cell Biol. !J.. :837-852). 
D. J. Lim: In the present study, as in studies 
done on mammals, there are cases in which the 
morphological findings do not correlate with the 
functional data. Could this be because the 
present study relies only on scanning electron 
microscopic data and not sectioned tissue? There 
are techniques for embedding tissue that has been 
examined under the scanning electron microscope. 
Have you attempted to embed those tissues and 
examine them under light or transmission electron 
microscopy to improve the correlation between 
your functional data and the morphological data? 
Author: It is true that this study lacks the 
one-to-one precision of a study where changes in 
the sensitivity of an individual auditory nerve 
fibers are correlated with the type of 
pathological change in a single hair cell 
identified by injecting dye into the fiber and 
examining the hair cell upon which the nerve 
fiber synapses. This study shows that there are 
relatively severe pathological changes in sensory 
hairs, similar to those described in mammals, 
associated with hearing loss lasting one roonth or 
longer. 
I have not examined any of the specimens in 
this study with the transmission electron 
microscope. However, I have examined with a 
transmission electron microscope serial sections 
of an ear with comparable noise exposure, 
recovery time and hearing loss as the ears in 
this study. Although I have not yet 
systematically analyzed these transmission 
electron micrographs, there are clearly 
pathological changes in the internal 
ultrastructure of the noise-exposed hair cells. 
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D. J. Lim: You used different fixatives for 
different specimens. Would you please elaborate 
on the reason for using different fixatives. 
Author: I used two general types of fixatives, 
glutaraldehyde buffered at pH 7.2 and 
glutaraldehyde with 0.1% alcian blue buffered at 
pH 5.7. I chose the neutral glutaraldehyde 
because I had used this fixative in a previous 
study on the effects of noise on sensory hairs in 
the mammalian cochlea, and wished to compare the 
results of the lizard study with those of the 
mammalian study (Mulroy and Curley,1982). I 
fixed some of the ears in acidic glutaraldehyde 
alcian blue mixture. This fixative preserves the 
surface coat and was useful in detecting a subtle 
change in the sensory hairs during temporary 
threshold shift (Mulroy and Whaley, 1984). 
R. Mount and R. V. Harrison: Was there any 
difference as a result of the various fixation 
formulas? 
Author: There were no differences at the level of 
the relatively severe pathological changes in the 
sensory hairs described in this paper. 
R. Mount and R. V. Harrison: Other than in the 
two animals where the entire papilla is missing 
was there any instance of change to the tectorial 
region stereocilia? 
Author: No. Sensory hairs in the free-standing 
region are clearly more vulnerable to broadband 
noise than tectorial region hairs. This could be 
due to some protective function of the tectorial 
membrane, or to the fact that free-standing hairs 
are much taller than tectorial hairs and subject 
to greater mechanical stress due to the lever 
action of the taller hairs, or to the fact that 
tectorial region hair cells are tuned to lower 
frequencies (below 700 Hz) than free-standing 
region hair cells. Sensory hair of hair cells in 
the low frequency region of the mammalian cochlea 
are less vulnerable to noise than those in the 
high frequency region. 

